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This thesis addresses the problem of contrast in scanning optical microscopy by
resorting to differential imaging. The use of a unique,
two-wavelength laser as the
coherent source in a scanning format is investigated. In particular, it is shown that the
TEM10 mode of this laser provides a novel method for performing simultaneous
conventional and differential microscopy. Results are presented on the use of the laser
for performing differential imaging. In addition, the technique is extended to encompass
a second, tunable, laser. Rather than performing electronic differentiation, the TEMi0
mode of this, second, laser provides an in-situ, optical differential microscope. Two
different optical configurations are implemented, one system relies on electronic
differentiation, while the second differentiates optically. These techniques could have
special applications in general microscopy, and precision metrology.
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1.0 Introduction
The optical microscope is a powerful research tool in many areas of science, such
as biology, geology, medicine, and, more recently, semiconductor metrology. As the
need to visualize minute structural variations has become more pressing, several new
types of scanning microscopes have been developed
- for example, the scanning acoustic,
the scanning electron, the scanning tunneling, and the scanning optical microscope.
The scanning optical microscope (SOM) was invented some forty years ago, but
only in the last few years has it become an important imaging tool, especially for
semiconductors and biological materials. The rapid development of the SOM owes a
great deal to the laser.
Scanning optical microscopy encompasses a wide range of imaging techniques.
These can be classified into two major groups, of differential and conventional (i.e. non-
differential) microscopes. Differential techniques, in general, show greater stability and
sensitivity. In addition, they can utilize the entire dynamic range of the amplifiers and
displays. This thesis investigates the use of a unique
two-
wavelength laser in a scanning
format. The laser is unique in that it operates in two simultaneous modes
-
TEMqq and
TEM10. The TEMqo operates at a wavelength of 604 nm (orange) while the TEM10
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operates at 543.5 nm (green). In particular, it is shown that the TEM10 (gaussian-hermite
1,0) provides a novel method for performing simultaneous conventional and differential
microscopy. Results are presented illustrating the use of the laser for performing
conventional and differential microscopy. This thesis also investigates the applications
of the TEM10 mode of a tunable laser. In addition, the potentiality of utilizing
multi-
wavelength scans employing the tunable laser is discussed. These techniques have
significant applications in general microscopy, and precision metrology.
2.0 Background
2.1 Preliminaries
In order to define the context for this thesis, a brief discussion of scanning optical
microscopy is necessary. Unlike a conventional optical microscope, where the entire
sample is simultaneously imaged either onto a screen or directly onto the retina of the
eye, a scanning optical microscope images the sample one point at a time. The system
scans a diffraction-limited spot of light relative to a specimen in a raster-type scan. In
this way the image is built up point by point, and may be displayed on a TV screen or
stored in a computer for future processing.
The early stages of the development of the SOM have been discussed by Kino and
Corle.1
The availability of lasers as sources of intense coherent radiation led to the
practical implementations of the SOM. In the SOM the object is illuminated one point
at a time by a focused laser spot, which is scanned relative to the object in a TV-like
raster. The transmitted or reflected light is collected by a photodetector, where it is
converted into an electrical signal. The signal is then amplified and used to modulate the
intensity of a TV display scanned in synchronism. The advantages of having an
electrical form of the image is that it allows image processing for contrast enhancement,
and digital image storage. It also allows arbitrary magnification of the image. Figure






Fig. 1 Schematic layout of the scanning optical microscope
There are two major forms of scanning microscopes. One of them, the Type 1
arrangement, has imaging properties identical to the conventional instrument, while the
other, known as the Type 2 or confocal arrangement, provides greatly improved imaging.
Figure 2(a) shows the optical arrangement of a conventional microscope, in which the
entire sample is illuminated uniformly through a condenser lens. This illuminating
technique is known as bright-field imaging. The object is imaged by the objective and
the final image is viewed through an eyepiece. In this case the resolution is due
primarily to the objective lens, while the aberrations of the condenser are unimportant.
A scanning microscope using this arrangement could then be conceivable by scanning a
point detector through the image plane so that it detects light from one small region of
the object at a time, thus building up a picture of the object point by point (Fig. 2(b)).
The arrangement of Fig. 2(c), using a second point source and an incoherent detector,
has the same imaging properties as the microscope of Fig. 2(b) and the conventional
microscope if the roles of the two lenses are exchanged. This arrangement is known as
a Type 1 scanning microscope. The point source illuminates one very small region of
the object, while the large area detector measures the power transmitted by the collector
lens. The arrangement shown in Fig. 2(d) is a combination of those in Fig. 2(b) and (c).
In this arrangement the point source illuminates one very small region of the object, and
the point detector detects light only from the same area. An image is built up by
scanning the source and detector in synchronism. This arrangement has been named a
Type 2 or confocal scanning microscope. The term confocal is used to indicate that both
lenses are focused on the same point on the object.
The resolution will be improved in a confocal scanning microscope. This is
explained by a principle described by
Lukosz1



















Fig. 2 Optical arrangements of various forms of scanning
optical microscopes.
(a) conventional microscope; (b)
Type la scanning microscope; (c) Type lb
scanning microscope; (d) Type 2 or
confocal scanning microscope
improved at the expense of field of view. The field of view can be increased, however,
by scanning. By placing a very small aperture extremely close to the object, the
resolution is now determined by the size of the aperture rather than the radiation. This
scheme has been demonstrated at microwave frequencies, but there are such severe
practical difficulties in locating a small enough aperture close enough to the object the
scheme has not been applied at optical frequencies. If, however, instead of using a
physical aperture in the focal plane, the back projected image of a point detector in
conjunction with the focused point source is used, a confocal scanning microscope is
obtained. In addition to improved resolution, the confocal arrangement allows optical
sectioning of a thick object. Light from the specimen is focused through a small
aperture, thus ensuring that information is obtained only from one particular level of the
specimen. Independent images of different layers can be stored and later reconstructed
to form three-dimensional images.
The basic aspects of the scanning optical microscope have been discussed, but
nothing has been said about the
major practical problem of scanning. There are basically
two different kinds of scanning, which have been achieved by various methods in
practical instruments. The alternatives are either to scan a focused light beam across a
stationary object, or to
scan the object mechanically across a stationary spot. In the first
case, in which the scanning
can be very fast, many whole pictures can be built up per
second, so that rapid changes within objects may be observed. Mechanical scanning,
however, produces undistorted images of very high quality. A further advantage of
mechanical scanning is that the interrogating beam is stationary, which means the lens
design is considerably simplified.
In addition to the optical arrangements of various forms of scanning optical
microscopes it is important to understand image formation in scanning optical
microscopy. Section 2.2 will focus on the image formation of SOM's.
2.2 Image Formation in Scanning Optical Microscopes
2.2.1 Type 1 SOM
In any lens system diffraction effects will tend to spread the image of a point
object. The intensity in the resulting image varies with the distance from some central
point. The Point Spread Function (PSF), which is the response of the imaging system
to a point object, describes this variation.
The imaging characteristics of a microscope can be derived by convolving its PSF
with a function characterizing the complex amplitude transmission (or reflection) of the
sample. The standard microscope illuminates the entire sample uniformly. Since a
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standard optical microscope uses an incoherent light source, to a good approximation the
phases of the two points on the sample are uncorrelated. Consequently, any phase
variations in the image will average out, and only the intensities, not the amplitudes,
from two neighboring points on the sample will add at the detector. The intensity PSF
of a standard microscope is therefore | h,, | 2, the square of the amplitude PSF of the
objective lens. When the detector is infinitely large and of constant sensitivity, the
intensity at any point (x,y) in the image is given by the
equation2





where | t |
2
is the intensity transmittance of the sample and the asterisk (*) denotes the
convolution operation. The imaging is incoherent. On the other hand, for coherent
imaging,2
the intensity is given by
I(x,y)= |h0*t|2 (2)
It is clear that for a finite sized detector the image may not be written in either of these
simple forms, and thus, the imaging is in general partially coherent, with coherent and
incoherent being the extreme limits. The Type 1 scanning microscope has imaging
properties identical to those of conventional, non-scanning, microscopes. That is, the
equations described above apply equally to the conventional microscope and to the Type
1 microscope shown in Fig. 2 (a), (b), and (c).
2.2.2 The Confocal Scanning Microscope
The Type 2, or confocal scanning microscope, has completely different imaging
properties. The confocal microscope is formed by placing a point detector in the detector
plane as shown in Fig. 2(d). In the CSOM only one point on the sample is illuminated
at a time. The amplitude of the field at the sample, rather than being uniform, is given
by the PSF of the objective, hx(r). The collector images the sample onto a point
detector. So the amplitude PSF of this microscope is given by hi(r)h2(r), where h2(r) is




The microscope behaves as a coherent microscope with an effective point spread function
given by the product of those for the two lenses.
It is important to note that the scanning microscopes discussed previously can also
be arranged in a reflecting configuration. That is to say that a single lens can focus the
laser beam to a point on the sample and image that point to a detector via the sample's
reflectivity. The above equations will simply be modified to replace the intensity
transmittance term, | t | 2, with an intensity reflectance term, | r | 2. In this case, one
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is the amplitude PSF of the microscope (objective lens is used twice). The
reflecting configuration is employed to investigate the imaging modality of the
two-
wavelength laser, and a tunable laser, and will be discussed in detail in the Experimental
Set-up and Methodology section of this thesis.
2.3 Contrast Mechanisms and Techniques in Scanning Optical Microscopy
2.3.1 Contrast Mechanisms in SOM
Both phase and amplitude variations on an object contribute to a signal. Phase
signals include topographic height variations and optical path differences through
different indices of refraction. Amplitude variations are due to variations in optical
reflectivity. Each of these shall now be described in some detail.
If a height variation exists between two points on the surface of the object, as
shown in Fig. 3, the reflected beam will experience a phase modulation. Assuming that
the effect of the step on the beam can, to a first order approximation, be characterized
by considering a plane wave, the amount of phase modulation can be written as 2kAh,
11
Fig. 3 Height variations between adjacent points
Fig. 4 Refractive index variation of a transparent
object on a reflective substrate
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where Ah is the height difference. In practice, one is dealing with a focal distribution
at the sample surface. C.W.
See3
has developed a detailed analysis of the image
formation in the microscope which takes the distribution of the light into account.
According to this analysis, a height variation of Ah gives rise to differential phase signal
of about 3.4 kAh, for a 40x objective of numerical aperture 0.65.
When a thin, partially transparent object is deposited on a reflective surface, and
is examined by the SOM, the beam undergoes a phase modulation, provided that there
exists a refractive index change between the examined points (see Fig. 4). This is given
by 2Akh, where Ak, the variation in propagation constant, is given by
Ak = (2t/X) (n2
-
n,)
= (2x/X) 5n (5)
where n is the index of refraction and h is the common depth at the two points. This is
the main contrast mechanism in imaging thin films and biological samples.
If an optically thick sample is interrogated
with the microscope, an image is
formed provided that there exists a variation of the refractive index on the surface.
When, for example, a dielectric material is
illuminated by a plane wave, the amplitude




tan (0; - 0,)
r = (6)
tan (0; + 0J
for light polarized in the plane of incidence, where 0; is the angle of incidence, and 0t is
the transmittance angle. This is the basic contrast mechanism for amplitude signals.
In addition to the refractive index, there is always an absorption coefficient
associated with any material. Hence, there is a phase shift associated with any particular
material, which is dependent on the refractive index, and the absorption of the substance
(i.e. complex reflectivity). Furthermore, due to the partial absorption of the
interrogating beam, the surface of the sample will expand, which, as far as the beam is
concerned, will appear as topographic structure on the sample. However, this contrast
mechanism has been shown to be
negligible.3
2.3.2 Various Classes of Optical Microscopes
Regardless of whether there exist amplitude or phase variations on the sample,
the optical microscope, or "bright
field"
microscope, has a disadvantage that it produces
a signal even in the absence of a structural variation on the sample. Thus, in imaging
objects displaying minute variations, this technique results
in images of poor contrast.
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The contrast, however, is greatly improved if techniques such as differential phase
contrast or differential amplitude contrast are employed. In these techniques, the relative
significance of the
"information"
is enhanced with respect to the "background", with the
subsequent enhancement of the contrast. This thesis addresses the problem of contrast
by resorting to differential imaging.
The subject of scanning differential microscopy has, in recent years, received a
great deal of
attention.3,5"18 Laub3
used a Bragg cell, driven by an amplitude modulated
drive source, to produce two first order beams having slightly different frequencies.
These were then brought to two adjacent foci on the sample surface. On reflection the
beams would interfere, giving rise to a signal at the difference frequency whose phase
would carry the differential phase between the points. Vaez-Iravani and See have
constructed a linear differential interference contrast
microscope.18
Their system consists
of a Nomarski objective aligned at
45
with respect to the polarization of the incoming
light. In this arrangement, the two polarization components of the light are brought to
two adjacent foci on the sample surface. A Pockels cell is used as the phase modulator.
After reflection off the sample, the beams are relaunched into the system, and the final
output is directed towards a photodetector, in front of which there is an analyzer, which
causes the beams to interfere. The differential phase between the two adjacent foci is not
only dependent
on the birefringence of the sample, but also on the sample topography,
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or variation in refractive index. The technique avoids the problems associated with
microphonics (temperature and pressure induced fluctuations, and mechanical vibrations),
as the two interrogating beams are mostly collinear, except just before the sample
surface, where they are separated by a spot diameter, or less. This results in a very
stable operation.
Several differential amplitude scanning systems have also been
developed.5,16"18
Vaez-Iravani and See have constructed a differential amplitude scanning optical
microscope.18
The design comprises a conventional SOM, modified so that the
interrogating spot performs a sinusoidal movement on a small locality of the sample in
one direction. Any structural variations on the object surface, such as changes in
topography, or refractive index, will result in an AC signal at the deflection frequency.
The strength of this signal is a measure of these local variations. The local beam
movement was achieved by passing the beam through a standing wave acousto-optic
deflector. After reflection off the sample surface, the beam is directed via the
beamsplitter onto a photodetector.
In this thesis, another method for obtaining differential contrast, is described,
which uses the laser beam pattern itself. This system shall be discussed in detail in the
next section.
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3.0 Experimental Set-up and Methodology
3.1 Differential Contrast via Lobe Subtraction
The basic experimental set-up is similar to a Type 1 reflection scanning optical
microscope. The light source is a lmW helium-neon two-color laser operating at
543.5nm (green) and 604nm (orange) simultaneously. In order to understand the
operation of this system, it is important to note that the orange output is gaussian,
whereas the green is gaussian-hermite (1,0). It is the latter point which gives the system





and is represented by the graph shown in Figure 5. One method of obtaining differential
contrast is illustrated in Fig. 6. The lobes are focused on two adjacent spots on the
sample, having a difference in reflectivity. One lobe interrogates the sample before the
other. Therefore, if the reflected intensity in one lobe is electronically subtracted from
the other, a differential image is obtained.






Fig. 5 Higher order Gaussian beam profiles (a) amplitude





Fig. 6 Variation in reflectance between adjacent points
(a) reflectance variation on sample; (b) beam cross section
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contrast image using the two lobes of the beam. A 5x, 0.12 NA, lens and a 50/tm
pinhole are used as a spatial filter. A 50mm diameter achromat lens is placed at the
focal length from the pinhole to produce a collimated beam. A 50/50 beamsplitter is
used to direct the reflected beam toward the detectors. Next, the collimated beam enters
a 0.3 NA apochromatic lens which focuses the beam onto the sample. The sample then
reflects the beam back through the apochromatic lens and is directed through the
beamsplitter previously mentioned. This beamsplitter directs the light into a second
50/50 beamsplitter. Here, one beam reaches one detector while the other beam is
directed toward a second detector. The laser is oriented in such a way that the two lobes
are vertical. This implies that the image will be differential only along this direction.
A razor blade blocks the top lobe and a detector detects the bottom lobe. A second razor
blade is used to block the bottom lobe of the other beam and thus a second detector
detects the top lobe. A collecting lens (not shown) is placed before each detector. These
lenses simply focus the beam to a smaller diameter to ensure that the entire lobe is
collected by the silicon detector.
The heart of the system is the scanner. The sample, an integrated circuit, is
mounted on a square platform which is connected to a large speaker. A sine function
generator oscillates the speaker at its resonance frequency of approximately 20 Hz. This















Fig. 7 Schematic of a differential SOM (using two lobes)
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18007 dc motor moves the sample very slowly in the horizontal direction. Thus, the
combination of both scans builds up a two-dimensional image, point by point.
The electronic configuration employed in the system is shown in Fig. 8. The
detectors are each connected to amplifiers which in turn are connected to a differential
amplifier. The differential amplifier is then connected to an oscilloscope. A ramp
function generator is connected to the oscilloscope as well. This ramp function is used
to generate a two-dimensional image in a TV raster-like scan. The sine function
generator is also connected to the oscilloscope. The vertical fast-scan of the sample
corresponds to the horizontal scan on the oscilloscope. Note that a phase shifter is
employed before the signal reaches the oscilloscope. The phase shifter is used to ensure
that the sinusoidal signal used to oscillate the sample is in phase with the sinusoidal
signal which the oscilloscope receives and displays as the horizontal scan. Fig. 9 shows
a schematic of the phase shifter and an amplifier, used to alter magnification. To
summarize, the image is built up in the following manner: a vertical fast-scan of the
sample corresponds to a horizontal display on an oscilloscope, a slow scan of the sample
using the Oriel dc motor in synchronism with a ramp
function generator produces a two-
dimensional image which can be electronically stored. The signal output of the
oscilloscope is connected to a z input (of the same oscilloscope) which converts voltages

































Fig. 9 Schematic of a phase shifter and amplifier
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Results and Discussion section.
3.2 Differential Contrast via a Slit
Recall that the gaussian-hermite (1,0) function, shown in Fig. 5, has a zero value
at its central position. An interesting feature about this function is that the far-field
distribution remains the same shape, as does the far-field distribution of a gaussian
function. Thus, if a flat, uniform, structureless object is imaged, the beam profile will
retain its gaussian-hermite shape. However, any structural variation results in the two
lobes of focal distribution receiving either a different amplitude or phase shift. The
resulting far-field beam distribution will no longer have zero energy at the center.
Figure 10 shows various far-field profiles resulting from the two lobes receiving different
amplitude/phase shifts. These profiles were obtained by simulating a different reflectivity
or phase on each of the two lobes. In other words, one lobe would receive a certain
reflectivity (or phase), while the other lobe receives a different reflectivity (or phase).
A Fourier transform was then performed to obtain the far-field profiles shown. Notice
the greater the difference in reflectivity between the two lobes, the greater the energy in
the central region. Also, notice the symmetry of the reflectivity profiles. Only the
central energy varies. For a
phase difference, the function is no longer symmetric about






Fig. 10 Far-field irradiance profiles due to object phase/amplitude variations
(0J = 02 unless otherwise indicated)
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By implementing a slit to capture the central energy, as shown in Fig. 11, a novel
use of the TEM10 mode in performing differential microscopy is attained. The knife edge
is employed so that only one lobe is used to obtain an image. The knife edge is
used as
a conventional (i.e. non-differential) monitoring SOM. When a suitable
location on the
target is determined by monitoring this non-differential scan, the slit is employed to
obtain the differential image. The Experimental Results and Discussion section shows a














Fig. 11 Schematic of a differential
SOM (using a slit)
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4.0 Experimental Results and Discussion
4.1 Results Obtained via Lobe Subtraction Technique
A series of fast-scans (oscilloscope traces) and two-dimensional images were
obtained utilizing the two-lobe subtraction technique and optical configuration described
in section 3.1. The fast-scan of a track and its corresponding differential are shown in
figure 12. It is important to note that all of the fast-scans shown throughout this thesis
are edges of aluminum contact pads on a silicon substrate. The difference in height
between the silicon substrate and an aluminum pad (Ah) can be estimated using a
standard desk-top microscope equipped with an interference objective, which is simply
a Michelson interferometer. Ah = (X/2)(l/x), where 1/x is the amount a fringe shifts
as observed with the interference objective. For instance, the observed fringe shift was
1/5 using a green (543.5nm) light source. This results in a Ah 600A. Thus, the
fast-scans of edges of aluminum pads on silicon are 600A in height. It is also
important to understand that all of these fast-scans were recorded using a Tektronix CRT
camera with an exposure of 1 second. Recall that the fast-scan is approximately 20 Hz.
Therefore, each oscilloscope trace shown throughout this thesis is a recording of
approximately 20 overlapping scans. Thus, each minute variation on a trace is due to
a variation on the sample. In other words, the variations are structural variations and are
not due to noise.
29
Fig. 12 Oscilloscope trace of a track (a) conventional scan;
(b) differential scan obtained by electronic subtraction of the two lobes
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Figs. 13 through 17 show conventional and differential scans of various fields of
views located on an integrated circuit consisting of aluminum on a silicon substrate.Fig.
13 shows a 620/zm top to bottom field of view. Notice that the differential contrast
image shows the internal structure of the aluminum contact pads, whereas the pads
appear saturated in the conventional (i.e. non-differential scan). Fig. 14 shows a
magnified view of the pads. This top to bottom scan is approximately 300^m. This
image shows the grain-like structure of the pads very clearly.
A resolution target is shown in Fig. 15. Again, there is a complete absence of
any internal structure in the conventional scan. In addition, note that the silicon
substrate, upon which the aluminum resolution target is deposited, appears very dark in
the conventional image. This is due to the fact that the reflectivity of the silicon
substrate is much lower than the reflectivity of the aluminum pads. In order to obtain
a signal from the substrate, the gain of the amplifier would have to be made so large as
to completely saturate the aluminum structures. Conversely, the differential image
utilizes the entire dynamic range of the amplifiers and displays in the system. Thus,
images obtained via differential techniques show the entire field of view in greater detail.
A magnified (175^m scan) view of the resolution target is
shown in Fig. 16.
Returning to the pads, Fig. 17 shows





Fig. 13 Two-dimensional image of aluminum
contact pads
of an integrated circuit on a silicon
substrate







Fig. 14 Higher magnification of a two-dimensional image of aluminum
contact pads on silicon (a) conventional scan; (b) differential scan
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Fig. 15 Two-dimensional image of a resolution target
(a) conventional scan; (b) differential scan
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Fig. 16 Higher magnification of a two-dimensional
differential image of a resolution target
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Fig. 17 Very high magnification of an aluminum contact pad
(a) conventional scan; (b) differential scan
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top to bottom scan is approximately 150 /an. The blur in the differential image is due
to the fact that the magnification is near the resolution limit (approx. 1.5 micron) of the
system. The blur may also be due to the fact that the signal was not blanked. Fig. 18
is an attempt to make a non-differential scan appear as if it were a differential. The
intensity and contrast are varied in an attempt to bring out the internal features of the
pad. However, the attempt is to no avail. Notice that in decreasing the intensity, some
information is lost. For example, the edge of the pad is not well defined, and the
substrate material appears completely black.
4.2 Results Obtained via SlitMethodology
The optical configuration described in section 3.2 was employed and several fast-
scans obtained. Fig. 19(a) shows an oscilloscope trace of an edge as recorded using one
lobe of the gaussian-hermite (1,0) beam profile, while Fig. 19(b) shows the result when
a 50fj.m slit is positioned so as to capture the central energy. Similar results were
obtained with slits of different widths. Note that the scan is differential in nature, but
it is not a well defined differential (i.e. the peak does not return to zero). Indeed, the
image is found to be a differential signal on a non-differential image. This oscilloscope
trace was obtained immediately upon turning the laser on. Any further delays resulted
in a reduction in differential nature, and the scan approached that of a non-differential
37
20 pm
Fig. 18 Conventional scan of an aluminum contact pad
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Fig. 19 Oscilloscope trace of an edge (a) conventional scan;
(b) differential scan using a 50/tm slit
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image. This is due to the fact that the TEM10 mode of the laser was very unstable. At
this point, it was decided to further investigate this instability.
The energy in the central region of the beam pattern was not constant. The two
lobes were observed to fuse together and then separate. The amount of energy in the
central region was insufficient, so a lock-in amplifier and chopper were used to
determine this energy and to show the instability of this region. By placing the detector
directly behind the slit, the instability of the central region of the beam distribution as
a function of time was recorded on an X-Y chart recorder, and the results are shown in
Fig. 20. Note that the central region is never completely dark, and that the intensity
fluctuates very rapidly and increases immediately after the laser is turned on. Figure 21
shows the intensity profile of the gaussian-hermite (1,0) beam. This plot was obtained
by placing a detector directly behind a 150/tm slit, while the detector and slit
combination, mounted on the Oriel dc motor, scanned the beam, thus providing a beam
profile on an X-Y chart recorder. Smaller slits yielded similar profiles except the
intensities were lower. Notice that as the laser is warming up, the central energy
increases and the beam profile approaches that of a gaussian function. While this laser
did produce scans showing a differential
character when a slit was employed in such a
way as to collect only the
central region of the far-field distribution, the beam was too















































relative to central region
Fig. 21 Intensity profile of the TEM,0
mode of unstable laser
(a) 5 min. warm-up; (b) 20
min. warm-up
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motivation to further investigate this technique of obtaining differential images using a
slit.
A tunable helium-neon laser was obtained and, when properly tuned, could be
made to operate in a very stable TEM10 mode. Figure 22 shows the beam profile plot
obtained using the same technique described earlier. Notice that this profile is a very
good approximation to the gaussian-hermite 1,0 function. This laser emits a wavelength
of 632.8 nm (red) while in the TEM10 mode. Figures 23 - 25 show several line-scans
illustrating the differential nature obtained using only a 150/zm slit to capture the energy
in the central region of the far-field distribution of the gaussian-hermite (1,0) beam
pattern. Similar scans were obtained using different slit widths except the intensities
were lower. Note the four peaks corresponding to the four edges in Fig. 23. Also, Fig.
23(a) shows a slight tilt. There is no tilt in the differential scan (Fig. 23(b)) because the
derivative of a constant slope is, of course, a constant. The differential scan in Fig.
24(b) shows that intricate details of a track can be imaged. Note that the peaks in the
central region of the differential scan are larger than those on the outer edges. This is
due to the fact that the lines in this region (Fig. 24(a)) have a greater slope. Figure 25
is interesting in that the non-differential scan shows a sharp increase in reflectivity and
then a gradual tapering to a constant, followed by two sharp peaks. It must be


















relative to central region
Fig. 22 Intensity profile of the TEMjo
mode of stable laser
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Fig. 23 Oscilloscope trace of two tracks (a) conventional scan;
(b) differential scan using a 150/xm slit
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Fig. 24 Oscilloscope trace of a track showing intricate details
(a) conventional scan; (b) differential scan using a 150/tm slit
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Fig. 25 Oscilloscope trace of an edge (a) conventional scan;
(b) differential scan using a 150/xm slit
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shown are acquired completely by optical processing. Since the laser remained very
stable in the TEM10 mode, a two-dimensional image of a series of contact holes was
generated and is shown in Figure 26. This image clearly shows the differential nature
of the system in that the edges have been enhanced.
4.3 Discussion of the Resolution and Sensitivity of the System
The resolution of the system is determined by the numerical aperture of the
apochromatic lens. Initial line scans obtained using a beam which was not expanded
resulted in a resolution of approximately 20/xm. If, however, the beam is expanded to
fill the entire numerical aperture of the lens, the resolution is approximately 1.5/im.
Notice the width of the peaks in all of the fast-scans. In an ideal system, these peaks
would be delta functions. In a real system, however, the peak widths are determined by
the resolution of the system. As the resolution of the system is improved, the peak
widths will decrease.
In order to obtain, or at least theorize, a sensitivity limit of the system, it is
imperative to know how the system responds to amplitude and phase variations. For
instance, is the signal proportional to Ah between adjacent points on the sample, or to
Ah2
(or perhaps a different relationship)? A series of far-field profiles were obtained
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Fig. 26 Two-dimensional differential image of a series of contact holes
using a 150^m slit
49
using the same simulation program described previously. In order to simulate the slit
technique, a variety of height variations (Ah) are imposed on the two lobes and the
corresponding far-field distribution is obtained. The resulting function is multiplied by
a Rect function of appropriate width to simulate the 150/tm slit. The resulting area is
integrated. This value is the energy which passes through the slit and is collected by the
detector. This energy is then plotted against the height variation and is shown in Fig.
27 on p. 53. Fig. 27(b) is a similar plot for smaller variations in height between adjacent
points on the sample. Notice that, as might be expected, the energy is square law
dependent at the lower values. That is, the signal is proportional to the square of the
height variation. A similar result is obtained by imposing different reflectivities on the
two lobes. Fig. 28 (p. 54) shows the relative energy versus fractional variation in
reflectivity (Ar/r).
Having established that the signal is proportional to the square of a phase
variation (recall Ah results in a phase modulation) it is possible to determine the
theoretical sensitivity limits of the system employing
the slit technique. The S/N of the
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where I0 is the signal current, R is the photodetector load impedance,
Af is the system
bandwidth, and F is the amplifier noise factor. Thermal noise
= kTAfF. Shot noise =
2IeRAfF. I oc P,, where P, is the received power through the slit. I0
= ri?xdfiu0,
where r\ is the quantum efficiency. Assuming a square law dependence on A<
(shown
in previous plots) P, = P0(Ac/>)2, where P0 is the total available laser power at the slit
plane. If a dark background signal is assumed(signal produced only if structural
variations exist) then the system is thermal-noise-limited. The S/N of the information
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constant), R = lOkQ, T = 300K (room temperature), and F = 2 (amplifier noise factor
of 2).




The relationship between Ah and </> is given by: <t> = kz, where k = 2-7r/X and z = 2Ah
(optical path length). For X = 632.8nm, Ah tf/20 /xm. Therefore, Ali^ 0.1A in
a 1Hz bandwidth, and Ah,^ lA in a 10kHz bandwidth. Replacing A^ by the





1Hz and 10kHz bandwidth, respectively.
The theoretical S/N limitations of the slit technique have been discussed, but the
question of how close will the actual sensitivity limitations of the system be compared
to the theoretical calculations still remains. The values for jj, P0, R, and F have not been
determined for the system. The values used in equation (10) are typical values for an
SOM. However, if the system described in this thesis has values different than the
typical values, the resulting Ah,^ value differs a negligible amount. For example, if 17
= 0.5, Af = 30 kHz, and F = 4, this results in a Ah,^
= 1.8A compared to 1 A.
Thus, although not all of the actual values are known in eqn. (10), it is expected that the
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Fig. 28 Relative energy vs. fractional variation in reflectivity
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expectation is further supported by the fast-scans. Recall that the fast-scans are tracks
of 600A thick aluminum pads deposited on a silicon substrate. As mentioned earlier,
the minute variations seen on the track of Fig. 24, for example, are due to sample
variations, rather than noise. If the maximum height is 600A, it is conceivable that these
minute variations are within an order of magnitude of the theoretical calculation of
sensitivity limits.
The theoretical sensitivity limits of the subtraction technique yielded an
unexpected result. Again, before a sensitivity limit can be calculated, the relationship
between the signal and object phase/amplitude must be determined. Recall for the slit
technique these variations are square-law dependent. However, the subtraction technique
suggests a different relationship. A series of far-field profiles were generated using
different values for Ah. Two different integrals were obtained, one for the positive
values of the profile, and the second for the negative values. The difference of these two
integrations is the energy of the resulting differential image. This energy is then plotted
against Ah and is shown in Fig. 29. Notice the relationship between signal and height
variation appears to be linear! This would suggest that Ah,,^ * l.Ox 10"5A in a 1Hz
bandwidth! These predictions are purely theoretical and need experimental verification
before claiming that the subtraction technique yields
this sensitivity limit. In addition,
the profiles in Fig. 10 show, for variations in reflectivity, the far-field distributions are
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symmetric about the x = 0 axis. This suggests that any signal resulting
from the
subtraction technique is due only to phase variations. Again,
this prediction requires
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Fig. 29 Relative energy vs. height variations
(subtraction technique)
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5.0 Conclusion and Suggestions for Further Work
5.1 Conclusion
A simultaneous conventional and differential scanning optical microscope has
been constructed by two differentmethods. The inspiration and motivation for this thesis
was due to the availability of a very unique laser. It was observed that this laser was
operating at different transverse modes for different wavelengths. The TEM10 operates
at a wavelength of 543.5nm (green) while the TEM^, operates at a wavelength of 604nm
(orange) . The TEM10 is described mathematically by the gaussian-hermite (1,0) function.
In particular, this characteristic of the laser provided the inspiration to investigate the
capability of performing differential microscopy. Conventional and differential
microscopy was performed using this laser as the source.
The two-lobe subtraction technique produced several differential images ofvarious
magnifications and fields of view. The configuration employing the slit also
demonstrated the differential capabilities of the system. However, the TEM10 mode of
this laser was very unstable and, therefore, a
two-dimensional image was not possible.
Since the lmW two-color laser did show some form of a differential fast-scan
employing the slit configuration, the
slit methodology was further pursued. A tunable
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laser was obtained, and when properly tuned, this laser could be made to operate in a
very stable TEM10 mode. It was shown that the gaussian-hermite (1,0) function provides
a novel method for performing simultaneous conventional and differential microscopy.
Differential techniques, in general, show greater stability and sensitivity than
conventional techniques. Also, differential microscopy can utilize the entire dynamic
range of the amplifiers and displays incorporated in the system. These advantages are
clearly revealed in the two-dimensional images shown in the Experimental Results and
Discussion section. Internal structural variations are visible on the aluminum contact
pads.
The slit methodology provides a real-time differential optical processor. This has
several advantages over the traditional differential techniques which rely on electronic
differentiation. Firstly, electronic subtraction does not utilize the entire dynamic range
of the amplifiers and displays in the system. Secondly, it assumes the background in the
two lobes are equal. Thirdly, electronic differentiation fails at lower bandwidths. If the
system electronics are operating at a low bandwidth, high frequency information will be
lost. Lastly, laser noise decreases the sensitivity of the signal in conventional SOM's
utilizing electronic subtraction to obtain
differential images, whereas laser noise simply
decreases the accuracy of the differential image obtained by the slit methodology. Also,
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the ease of implementation has advantages over the traditional Nomarski system.
It was initially thought that if the two wavelengths of the two-color laser were
found to be orthogonally polarized with respect to each other, one could implement a
polarizing beamsplitter to obtain separation of wavelengths. Unfortunately, the green
wavelength is not polarized and the orange shows a very slight intensity variation when
an analyzer is placed in the beam path. Therefore, it is only possible to separate the
wavelengths by using filters.
5.2 Suggestions for Further Work
Two different optical configurations have been implemented to yield a
simultaneous conventional and differential scanning optical microscope. The optical
system performs adequately. The resolution of the system could be improved by using
a higher numerical aperture objective lens. Also, if a method of blanking the signal was
implemented, the blur that is observed at high magnification may be avoided or, at least,
reduced.
Theoretical limitations of sensitivity have been discussed as well as a predicted,
practical limitation. A future experiment should include constructing a sample with many
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known height and reflectivity variations. Thus, an experimental sensitivity would be
known.
Currently, the image is photographed using a Tektronix CRT camera with
Polaroid instant film. The camera is simply held against an oscilloscope display and a
continuous exposure is made. By converting the analog signal from the detector to a
digital signal, an improvement in overall image quality may be obtained. In addition,
in order to take advantage of the simultaneous scanning of the two wavelengths, or
scanning the sample with multiple wavelengths using the tunable laser, a means of storing
the scans digitally is necessary. Both methods offer the advantage of obtaining more
information about the object by interrogating it with multiple wavelengths. While it is
true that the tunable laser is not able to emit different wavelengths simultaneously, the
laser still offers the advantage of scanning with multiple wavelengths without disturbing
the optical alignment of the focused laser spot. Thus, each different wavelength scan is
assured of interrogating the exact same focused spot on the target. Once the multiple
wavelength scans are performed and independently stored in a digital format, a precise
deconvolution of the images could be performed so as to obtain an exact shape of the
object.
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By employing the optical configuration shown in Fig. 30, objects can be imaged
in two different wavelengths simultaneously. A precise deconvolution of the image of
the object can then be performed so as to obtain an exact shape of the object. The
tunable laser can be tuned to operate at wavelengths of 632.8nm, 611.9nm, 604nm,
594. lnm, and 543.5nm which correspond to red, dark orange, yellow-orange, yellow,
and green, respectively. A series of fast scans using the five different wavelengths of
the tunable laser are shown in Fig. 31. Notice the slight differences between scans.
These differences are important in that they each provide a piece of information about
the object. This is very important in that it has far-reaching implications in imaging and
metrology.
Recall that the relative energy is proportional to the square of a height variation,
as well as the square of a fractional variation in reflectance, for the slit methodology.
However, theoretical calculations indicate that the far-field profiles of the gaussian-
hermite (1,0) distribution for objects having only a reflectivity variation are symmetric.
This would indicate that the subtraction technique responds only to object phase
variations. It might be possible to combine the results of the subtraction technique with
those of the slit methodology to obtain a system which is capable of differential contrast
















Fig. 30 Schematic of a two color SOM
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Fig. 31 Series of oscilloscope traces using different wavelengths of a tunable laser
(a) 632. 8nm; (b) 611.9nm; (c) 604nm; (d) 594. lnm; (e) 543.5nm
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Appendix A
A Brief Description of Laser Modes
This thesis concentrates on utilizing the TEM10 mode of a helium-neon laser to
perform conventional and differential scanning optical microscopy. A general discussion
of laser modes will now be given.
The mirrors in a laser form a resonant cavity in which light energy may be stored
by multiple reflections between them. If the waves are replicated by the cavity, then the
mirror cavity has a high Q. Q, or quality factor, of the resonator is defined
by:19
2it x energy stored
Q = (12)







The condition for a self-repeating field is that the length of the cavity (L) be equal to
an
integral number of half-wavelengths, or L = q(X/2), where q is an integer. Only at
those wavelengths is the cavity resonant. Each self-replicating field pattern is referred
to as a longitudinal mode, or axial mode, of the cavity.
The previous discussion was restricted to resonance conditions for plane waves
traveling along a line joining the centers of the mirrors, i.e. along the optic axis of the
cavity. For a real laser cavity, the complete wave pattern consists of a superposition of
a large number of waves, each wave traveling in a slightly different direction. Under
these circumstances, the resonance condition is more complicated. Again, the basic
requirement is that the electromagnetic field distribution in the cavity replicate itself upon
round-trip reflection by the mirrors. Due to their three-dimensional nature, these
self-
replicating field patterns are known as the longitudinal-transverse resonance modes of the
laser cavity. Through an application of diffraction theory, it is possible to determine
those field distributions that exhibit this self-replicating property in a laser cavity and to
determine the frequencies of the corresponding modes. An extended analysis is found
in Ref. 20. For the common case of identical near-planar mirrors the frequencies
satisfying the three-dimensional resonance
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where R is the mirror curvature. The number referred to previously as the axial
mode
number, q, is again associated with the axial character of the mode. On the other hand,
m and n relate to the transverse character of the mode and are referred to as the
transverse mode numbers. Thus, a mode of a laser is characterized by three mode
numbers. The different modes are designated by the notation TEM^, where TEM
denotes Transverse Electromagnetic, the light waves consisting of electromagnetic fields
that are transverse to the direction of propagation. In the labeling of modes with specific
values of m, n, and q, the q value is generally suppressed, with the resultant
designation
having the firm TEM^. The number of transverse modes will depend on mirror shape,
size, and other aspects of laser construction.
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